Herein, we demonstrate a graphene based efficient UV photodetector by using vertically aligned ZnO 
INTRODUCTION
these hybrids, such as, optical absorption, photoconductivity and PL. The mechanism of catalyst free 1 growth of ZnO NWs over the graphene layer with and without ZnO seed layer was systematically studied 2 from the µ−Raman spectroscopy and high resolution transmission electron microscopy (HRTEM). 3
Characteristic Raman features of graphene−ZnO thin film hybrid, such as change in the relative 4 intensities and full width at half maxima (FWHM) of 2D, D Raman bands with respect to the G band 5 reveals the epitaxial relation between graphene and ZnO that originates the growth of vertically aligned 6
ZnO NWs. The structural and optical properties of these graphene−ZnO NWs hybrid nanostructures were 7 studied by high resolution FESEM, HRTEM and optical absorption and µ−Raman spectroscopy. Further 8 enhanced UV PL was achieved in case of ZnO NWs grown on graphene−ZnO seed layer substrate. These 9 PL results are compared with the bare ZnO seed layer substrates. Photoresponse studies are carried out on 10 the hybrid nanostructures. 11
EXPERIMENTAL DETAILS 12

Synthesis of Graphene by Chemical Vapor Deposition
13
Large area single layer graphene was synthesized on a Cu foil (Alfa Aesar, 99.999% pure, 1×1 14 inch area) by a thermal CVD technique. As grown graphene on the Cu foil was transferred on to 15 Si/SiO 2 and quartz substrates by standard wet transfer method. Initially, the Cu foil was inserted 16 in a quartz boat, which was kept at the center of a tubular quartz chamber (diameter 1 inch, repeatedly diluted with millipore water by using a syringe in such a way that it turns orange color 5 to complete transparent, i.e. in the end only water remained. The layer of PMMA with graphene 6 attached to it was scooped out using various substrates. The substrates were then rinsed with DI 7 water and dried in the oven at 180°C for 15 min. The PMMA layer was removed by repeated 8 rinsing of graphene substrates with Acetone for several times. In order to remove the PMMA and 9 residual Cu catalyst particles adhered on graphene layer, hydrogen (H 2 ) annealing was 10 performed. Further details of the H 2 annealing of GR were reported in our earlier work. 
Deposition of ZnO Thin Films on Graphene
12
High quality ZnO film with two different thicknesses: ~300 nm (sample code−Z1), ~10 nm 
CHARACTERIZATION TECHNIQUES
18
The morphology and crystal structure of the as−grown samples were studied using electron sharp 2D band determining the number of graphene layers). The ratio of integrated intensities of 2D and 22
Based on the spatial mapping of the Raman finger prints of graphene it was found that the SLG is covered 1 over the large area on the substrate. In GRZ2, the ratio of relative integrated intensity of I D /I G is increased 2 by a factor of 2.4 and I 2D /I G is reduced by a factor of 2.5 with respect to the pristine graphene, which 3 signifies the disorder and compressible strain in graphene induced by the ZnO layer. Note that the line 4 shape of 2D band without any asymmetry is identical to the few layer graphene that denotes the uniform 5 coverage of ultrathin ZnO seed layer over the SLG in GRZ2, which behaves like a few layer graphene. 6
An important observation for the epitaxial relation and covalent interaction between graphene and ZnO 7 was evidenced from the redshift (13 cm 
FESEM and HRTEM Studies 18
Further, morphological features and growth initiation of ZnO NWs on GRZ2 and Z2 substrates were 19 elucidated using high resolution FESEM and HRTEM imaging. Figure 2(a) shows the array of vertically 20 grown ZnO NWs on GRZ2 substrate, which have high aspect ratio and large surface area. We have not 21 observed any hexagonal facets on the top face of the ZnO NWs, as shown in the FESEM image Fig. 2(b) . 22
Note that the growth of ZnO NWs on graphene−Au catalyst results in a vertically aligned hexagonal 23 faceted ZnO NWs as discussed in our earlier report. 1 However, in the present case we have not observed 24 any hexagonal facets on the tip of ZnO NWs though the ZnO seed layer was used on the grapheneThe typical Raman spectra for comparison among Z2W, GRW and GRZ2W samples are shown 1 in the Fig. 3(b) . The E 2 g high mode at ~438 cm -1 was fitted with the Lorentzian line shape for the 2 calculation of FWHM (∆ω) to compare the crystalline quality of ZnO NWs grown on different substrates. 3
The FWHM of GRZ2W is typically higher (18 cm -1 ) than that of the Z2W (9 cm -1 ), though it shows the 4 strong UV near band edge (NBE) emission in the PL spectra (discussed later). That may be due to the 5 contribution of the substrate ZnO layer on the Raman spectrum. 6 7
Photoluminescence Studies 8
The PL characteristics of the graphene−ZnO hybrid system before and after ZnO NWs growth was 9 carried out using 355 nm laser excitation. Figure 4 (a) illustrates the UV−vis PL from the ZnO NWs 10 grown on GRZ2, Z2 and GR substrates, respectively. A sharp UV NBE emission is found to be at 380 nm 11 and a broad visible absorption band peaked at 496 nm originating various oxygenated defect state 12
The integrated intensity ratio of UV to visible PL emission is higher in case of 13 ZnO NWs grown on GRZ2 substrate, while it is lower for the NWs grown on GR substrate. The PL 14 emission from the ZnO seed layer substrate was also studied for comparison. 
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Here A 3 and A 4 are the constants. These two time constants physically signify the fast and slow Figures 5(c, d) . τ 1 and τ 2 are calculated as 241.8s, 9.9s in the case of GRZ2W and 52.2s, 15.5s in processing parameters of the graphene based UV photodetectors using ZnO NWs.
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